Dielectric constant and dielectric loss factor of rubber wood have been studied at different moisture content, grain direction and frequency. Different dielectric dispersion mechanisms are also observed at different ranges of moisture content. The moisture content above the fiber saturation point does not contribute much to the dielectric properties following a single dielectric mechanism. But the moisture content below the fiber saturation point shows considerable effect on the variations of dielectric properties having different dispersion processes at different moisture content ranges. Based on the shape of the curves, five different moisture content ranges have been identified such as 1) 25 % and above, 2) 18-25 %, 3) 11-17 %, 4) 5-10 % and 5) below 5 %. It may be possible to explain all these dispersion processes by means of dielectric mechanism for dipole, quasi-dc and diffusive processes. Longitudinal direction shows a higher dielectric constant when compared to radial and tangential directions in ovendry condition. This dielectric anisotropy may be attributed to the microscopic, macroscopic and molecular structures of wood.
Introduction
Dielectric properties of wood have an enormous application in wood science. It gives a better understanding of the molecular structures of wood and wood -water interactions. The practical application is for determining the density and moisture content by non-destructive electrical measurement. It was reported that the detections of knot, defects, spiral grain, etc., are possible by measuring dielectric properties (Martin et al. 1987) . The dielectric properties play a significant role in heating, drying, gluing and improving the quality of wood and wood based materials. Based on the dielectric properties, modern instrument can be designed for the inspections of quantitative and qualitative characteristics of woods.
When wood is placed in an alternating electric field, the current carrying abilities of the wood are governed by certain properties, like density, moisture content, frequency and grain direction; and certain components, such as cellulose, lignin and hemicellulose of the wood. The applied electric field aligns the randomly oriented dipoles in a direction opposite to that of the electric field. In this ordered configuration, energy supplied by the field is stored in molecules in the form of potential energy. The amount of energy that can be stored in the material is related to its dielectric constant ε'. The dielectric loss ε" is a measure of the energy that can be dissipated in the form of heat. Therefore, the complex dielectric constant is given by ε* = ε' -ίε" Conventionally, the dielectric response of a material can be measured in terms of complex capacitance
where C'(co) represents the real part of the capacitance being out of the phase with the applied voltage and C"(co) is the imaginary or loss component being in phase with the voltage. The conductivity present in the sample contributes to the loss component which is given by
where ε 0 is the free space permittivity, A is the area of the sample, d the sample thickness and G is the conductance of the sample. The permittivity, capacitance and susceptibility of the material are interrelated by the equation
where χ'(ω) and χ" (ω) are the real and imaginary part of the susceptibility; ε (<») is the permittivity at infinite frequency.
The conventional interpretation of the dielectric response based on the Debye's model is inadequate to represent the experimentally observed phenomena, fjje experimentally observed behavior for different dielectric dispersion for various materials has been discussed in terms of different model, such as dipole, quasi-dc, diffusive, etc., (Dissado et Log frequency (Hz)
The quasi-dc dispersion has been observed experimentally at frequencies below around 1 Hz in which some of the charges are weakly bound and partially free to move (Dissado et al. 1987; Ramdeen etal 1984) . For frequencies less than the characteristic rate oo c , the quasi-dc behavior is represented by Χ (ω) oc χ (0) (ico/co c) -p (6a) and for frequencies greater than the characteristics rate
Another type of dielectric response has been found experimentally and is attributed due to diffusion (Hill and Pickup 1985) . This type of dielectric response has been expressed as
which defines a diffusion susceptibility of magnitude χ (co d ) at frequency oo d . The diffusion processes would interact with either a series resistance, capacitance or any other mechanism, such as dipole or quasi-dc to give dispersion which are not of simple, single power law form. The values of m, n and ρ presented in different equations are experimentally determined from the slope of the curves. In most cases more than one dispersion mechanism exists rather than a single responding process as discussed above. The dispersion processes are electrically either in series or in parallel with other dispersion mechanism. al 1987; Dissado and Hill 1984; Hill and Pickup 1985) . The behavior of dispersion of these models is shown in Figure 1 . For the bound dipolar case, the fractional power law behavior is given by 
Materials and Methods
Rubber (Hevea brasiliensis) wood were supplied by the Farm Department of Universiti Putra Malaysia. Specimens were prepared in the form of discs of 35-40mm in diameter and 3-3.5 mm in thickness in longitudinal, radial and tangential direction to the growth ring. Both surfaces of the specimen were made smooth with sand paper so that it makes good contact with the electrodes. To measure the dielectric properties at different moisture content, initially specimens were fully soaked in water for a sufficiently long time to achieve full saturation. After that the weight of the specimen was taken and dielectric measurement was carried out. It was then dried in air to reduce the moisture. This cycle of measuring, weighing and drying was repeated until the specimen showed no change of weight by drying. Moisture content of the specimen was determined based on the ovendry weight. The ovendry weight of the specimen was taken by drying in an electric oven at 100 ± 3°C for 24 hours. The mean ovendry density of the specimen were found 620kg/m 3 . All the tests were carried out at room temperature in a closed chamber to prevent loss of moisture during the measurement. The experiment were conducted at frequencies from 10" 2 to 10 6 Hz by using Dielectric Spectrometer consisting of Chelsea Dielectric Interface (GDI 4c/L-4, Dielectric Instrumentation, UK) and Frequency Response Analyzer (SI 1255, Schlumberger Technologies, UK).
Results and Discussion
The dielectric constant and dielectric loss factor of rubber wood at different moisture content in longitudinal direction are presented in Figures 2 and 3 respectively. All the data are plotted against frequency in log scale so that the frequency dependence dispersion mechanism at different From the figures mentioned above, it is evident that moisture content in wood affects the dielectric properties significantly. It is found that the variation of dielectric constant and dielectric loss factor is different for different moisture content range (Figs. 2, 3 , 4, 5, 6 and 7). The fiber saturation point in wood is achieved when cell walls are completely saturated but no water exists in cell cavities. The moisture content below the fiber saturation point constitutes bound water whereas the moisture content above the fiber saturation point contributes as free water. The fiber satura- tion point of wood is occupied at 25-30 % moisture content depending on the species and some other factors (Kollmann and Cote 1968) . It is reported that the moisture content of wood may be classified into four ranges as an estimation on the influence of the different forms of water on the dielectric properties of wood (Torgovnikov 1993) . According to Torgovnikov (1993) , the bound water can be defined as monomolecular water with moisture content ranging from ovendry wood to 5% moisture content; moisture content from 5 % up to 18-23 % constitute polymolecular moisture while capillary-condensed moisture ranges from 18-23 % up to the fiber saturation point. Results from the present work presented in Figures 2, 3 , 4, 5, 6 and 7 show clearly that the bound water and free water in wood contributes to the dielectric properties in different manner. At high moisture content, i.e., the moisture content above fiber saturation point, high value of dielectric constant and dielectric loss factor are obtained. As the frequency decreases, the dielectric constant and dielectric loss factor increases rapidly. The high value of dielectric constant and dielectric loss factor at high moisture content and low frequency were also obtained by Norimoto and Zhao (1993) , James (1975 James ( , 1977 , Tsutumi and Watanabe (1965, 1966) and Venkateswaran and Tiwari (1964) for some other wood species. The change of moisture content above the fiber saturation point does not contribute much to the dielectric properties for all grain directions as shown in Figures 2(a) , 3(a), 4(a), 5(a), 6(a) and 7(a). Although, the shape of the curves due to the variation of free water are not the same, possibly there exists a single mechanism due to diffusive processes in series with others as presented in Figure 1 . The reduction of moisture content also decreases the dielectric constant and dielectric loss factor in some extent in the free water region.
These results show that extremely large susceptibility of wood to electric polarization occurs only when the external electric fields varying slowly and when at least moderate amounts of water present. These data are consistent with the findings of Hearle (1954) on cellulosic fibers and Schwan (1957) on biological materials. The slow response and large magnitudes of these polarization suggest that they are interfacial, i.e., due to polarization of discontinuities of conductivity. Most likely discontinuities to be effective here are between the amorphous and the crystalline regions of the cellulose molecules; the crystalline regions are essentially nonhygroscopic and remain nonconducting in the presence of water* while the amorphous regions become rapidly more conductive as the moisture content increases (James 1975) . It may be assumed that under the influence of external electric field, ions would migrate through amorphous regions and accumulate at edges of the crystallites until the internal field from the separated ionic charges equals the applied field, or until the external field reverses. This process would be capable of absorbing and storing considerable energy, but because the process would be retarded by impedance to the ion migrates and also because there are conductance paths around the crystallite, the energy storage would be accompanied by very large dissipation.
The bound water has significant influence on the dielectric properties of wood. As the moisture content decreases from around 25%, the dielectric constant and dielectric loss factor decreases abruptly. The shape of the curves changes accordingly indicating different dielectric mechanism involve in the processes as indicated in Figure  1 . The capillary condensed water (moisture content 18-25 %) which occurs in the cell wall pores and bound to the wood by capillary forces, shows a single dispersion mechanism as shown in Figures 2(b) , 3(b), 4(b), 5(b), 6(b) and 7(b). The polymolecular moisture ranges from 5% upto 18-23% which absorbed by the surface of the microfibrils and is bound to the cell wall by physical and chemical forces, shows two different mechanism -one in the ranges of roughly 10-17% and another from 5 to 10% moisture content. At moisture content below 5%, classified as monomolecular moisture, reveal another type of dispersion behavior with the lower dielectric constant. All the dielectric dispersion mechanism showed in the Figures 2, 3 , 4, 5, 6 and 7 may be expressed in terms of the model either in series or in parallel combination of dipole, quasi-dc and diffusive element.
It is observed from Figure 8 that the dielectric constant and dielectric loss factor of ovendried wood in longitudinal direction is greater than the radial and tangential directions. Little variation of the dielectric properties is found between the radial and tangential directions. The magnitude of the dielectric constant and dielectric loss factor varies in the order of longitudinal > radial > tangential. Similar results were also reported by Norimoto et al (1978) , Norimoto and Yamada (1970 , 1971 , 1972 . The dielectric anisotropy results from the differences in wood structures from microscopic to macroscopic stages as well as molecular level in the three principal directions. The variation in dielectric properties between the longitudinal to the radial and tangen-tial direction is due to the difference in the arrangement of cell wall and lumen in addition to the anisotropy of cell wall substances (Norimoto et al 1978) . The greater dielectric constant in longitudinal direction has been explained by Norimoto and Yamada (1970) in terms of the transition probability of dipole jump to an adjacent site when the field applied to longitudinal direction is considerably greater than that when the electric fields were applied in the other directions. The chemical constituent of wood may also be responsible for the dielectric anisotropy. According to Norimoto and Yamada (1972) , the dielectric properties of wood are strongly influenced by cellulose and mannan in the longitudinal direction, whereas in transverse direction the dielectric properties are influenced by lignin.
Conclusions
The moisture content of rubber wood has considerable effect on the dielectric properties. Free water and bound water affect the dielectric properties but in different manner. The variation of free water does not contribute much to the variation in the dielectric constant and dielectric loss factor indicating a single dielectric dispersion mechanism. As the moisture content decreases from 25-30 %, both the dielectric constant and the dielectric loss factor decreases, showing a different pattern in the different ranges of moisture content. The dielectric dispersion mechanism in different ranges of moisture content can be interpreted with the help of model either in series or in parallel combination of dipole, quasi-dc or diffusive processes. The dispersion mechanism involved in the dielectric processes of wood may be subdivided into five ranges of moisture content as a) below 5 %, b) 5-10 %, c) 11-17 %, d) 18-25 % and e) 25 % and above, based on the shape of the curves. The grain direction also influences the dielectric properties. The longitudinal direction exhibits higher dielectric constant and dielectric loss factor compare to radial and tangential directions in ovendry condition. The dielectric anisotropy of wood may resulted from the difference in microscopic and molecular structures as well as chemical constituents of wood.
